Non-invasive diagnosis of diastolic dysfunction remains difficult in clinical practice. Non-invasive assessment of the flow field within the left ventricle (LV) using color M-mode Doppler (CMD) echocardiography provides a potential technique that can differentiate between the normal and diseased heart. A computer model is developed describing three-dimensional axi-symmetrical LV filling flow. The simulation results show that the hydrodynamical mechanism of LV flow wave propagation, as observed on 2D color and color M-mode Doppler echocardiograms, is the propagation of a vortex in the LV cavity.
Introduction
Recently color M-mode Doppler echocardiography (CMD) has been proposed as a useful method for the evaluation of LV flow wave propagation as an index of LV filling [1] [2] [3] . The objective of this study is to obtain insight in the hydrodynamics of the color M-mode Doppler flow propagation velocity v(p) based on a mathematical framework. For the development of fluid-structure interaction model of the left ventricular filling the unsteady Navier-Stokes flow equations are solved in a LV truncated ellipsoid geometry with moving LV walls including relaxation and compliance of the wall. The computed results confirm both intraventricular flow and pressure patterns during filling. Vortices are formed during the acceleration phases of the early and atrial filling waves. During the deceleration phases the vortices are amplified and convected into the ventricle. The vortices are recognized on the derived 2D color echocardiograms as in vivo. The propagation of this vortex determines the propagation of the maximum velocity observed in the color M-mode Doppler echocardiogram.
Peskin [4] was the first to model the blood-ventricular wall interaction using the immersed boundary method. Owen [5] developed a 1D model showing the importance of intraventricular pressure wave propagation during early filling. In our previous work, a 1D model was constructed in order to simulate intraventricular pressure gradients in the LV during filling [6, 7] . The present model, based on a 3D axisymmetrical computational approach [8] , evaluates the fluid dynamics of the LV filling. The interaction between the LV wall and the blood is taken into account with a validated algorithm [8] .
The calculated flow patterns in the LV are transformed into the format of 2D color and color M-mode Doppler echocardiograms as used in clinical practice. In this chapter we are studying in particular the relation between vortex center and position of maximum velocity along the centerline for both the early filling (E-wave) and atrial contraction wave (A-wave).
Computer model 2.1 Intraventricular flow model
The fluid domain of the LV is described by means of an axi-symmetrical model. The unsteady Navier-Stokes equations expressing conservation of momentum and the continuity equation expressing conservation of mass are solved in a LV truncated ellipsoid geometry with moving walls. The computation is started at the onset of LV relaxation. When the LV pressure drops below the atrial pressure, the mitral valve opens immediately. From this moment, a mitral velocity pattern is applied at the circular orifice (base) of the LV. It is assumed that forces of the mitral valve on the fluid are small and can be neglected once the mitral valve opens. After opening, pressure in the LV is determined by both the relaxation and compliance of the LV wall and the dynamics of the blood flow into the LV cavity. The computation ends before the LV contraction. The mitral flow velocity pattern used as boundary condition and atrial pressure are derived from a separate calculation with Meisner's lumped parameter model [9] .
Left ventricular wall model
The LV wall is described by a truncated ellipsoid in the zero stress state. At the zero stress state and with blood at rest, the transmural pressure is zero. The zero stress state is assumed to correspond with a cavity volume of 12 ml, diameter of mitral annulus of 1.5 cm and base to apex distance of 4 cm. These are physiological relevant parameters for a canine heart for which the model was validated [8] . Away from the zero stress state, the shape of the LV is computed from equilibrium equations for the LV wall. These equilibrium equations involve the circumferential and longitudinal cardiac stresses, the curvature of the heart wall and the transmural pressure difference. A non-linear extension of the thin shell equations is used [8] . The position of the mitral valve annulus is kept fixed.
Boundary conditions
We have used Meisner's model [9] at a heart rate of 80 beats per minute in order to obtain the necessary boundary conditions for our 3D model calculations: end systolic volume of 18 ml, end systolic pressure of 75 mmHg, time constant of relaxation τ v =30 ms, left atrial pressure at opening of the mitral valve 6.75 mmHg and the computed mitral velocity pattern as shown in figure 1.
Coupling procedure
The coupling of the heart wall displacement and the LV filling dynamics is based on an iterative approach [8] . For each time s tep (1.5 ms), the procedure alternates between the following steps: 1) calculation of the movement of the LV wall, for a known intraventricular pressure distribution along the wall, 2) calculation of the flow field inside the moving ventricle, which results in an updated velocity pattern and a new approximation of the pressure field to be used in step 1) until convergence for the time step is achieved.
Computation
Given the cardiac wall properties together with the circulation characteristics, the cardiac contraction and relaxation are the driving forces for the computation. First, the mitral inflow pattern, ESV and ESP and the left atrial pressure at opening of the mitral valve are computed with Meisner's model. Then, with the present model and with the same characteristics for the LV, the wall motion and the intraventricular pressure and flow patterns are computed during filling respecting the conservation of mass and momentum of the blood flow and the equilibrium equations for the heart wall. All details of the model can be found in [8] . The pressure rise during early filling first occurs at the apex and then at the base. At the onset of atrial contraction, there is first a pressure rise at the base and then at the apex. Figure 2 s hows t he c o rre s po ndi ng flow velocity patterns a nd derived 2D color Doppler images at six different moments in time LV during filling. These moments are indicated with a black spot on the mitral velocity pattern: (1) before the immediate opening of the mitral valve, (2) at peak E velocity, (3) during deceleration of E-wave, (4) at diastasis, (5) at peak A velocity and (6) during deceleration of the A-wave. The flow pattern is shown and corresponds to the instantaneous velocity vectors in the LV cavity. The computed flow velocities are presented in a 2D color echo format for each of the six moments in the lower segment. 
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Discussion
A computer model is developed describing three-dimensional axisymmetrical LV filling flow. The calculated pressure-time curves in figure 1 confirm the existence of intraventricular pressure gradients. These gradients are also observed in dog studies [11] and in a 1D computer simulation of LV filling [6, 7] . The minimal pressure in the apex is achieved shortly after the arrival of the pressure filling wave at the apex (denoted as I on the CMD in figure 4) . At that moment the pressure rises at the apex since the pressure wave is reflected (reflection at a closed end) as already described by Owen [5] . Vortex formation during filling is an experimentally observed phenomenon [12] [13] [14] and according to Bellhouse [12] the presence of a vortex ring provides a mechanism for early valve closure in diastole. More recently, Steen and Steen [14] showed in vitro that at the start of filling, blood moves simultaneously at all positions, behaving as a n incompressible fluid c o lumn (p has e I) . T he n t hey observed a flow wave propagating from the mitral orifice towards the apex (phase II). In this phase, a ring vortex was seen to travel from the orifice towards the apex. Both phases are clearly observed in our simulation (figure 4). Shortland et al. [15] studied vortex formation and travelling in a skeletal muscle ventricle. They suggested that vortex travelling is an important feature to decrease the residence time of blood cells in the apical region. It is clear from figure 3 that the propagation of the maximum blood velocity inside the LV, as it can be m e a s ured b y C M D e c hocardiography, i s a s s o c i a t e d t o v ortex propagation. For the calculation shown in figure 4 , the maximal blood velocity during the early filling wave is 70 cm/s and v(p) of the filling wave, which corresponds with the propagation v e locity o f t h e r i n g v o r tex, is 45 cm/s. T h e r a tio is 1.56. This hemodynamic behaviour was also observed in vitro experiments [14] and in vivo measurements [1] [2] [3] 16 ]. Both the early and atrial f i l l i n g w a ve c a n b e s e e n, t he i n i t i a l f l ow phase with blood moving simultaneously in the LV is denoted as I (pressure filling wave), the propagation of the vortex wave is denoted as II. The scanline corresponds with the axis of symmetry. Both the early and atrial filling wave c a n b e s e e n , t h e i n i t i a l f l ow p hase with blood moving simultaneously in the LV is denoted as I (pressure filling wave), the propagation of the vortex wave is denoted as II.
Conclusion
